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The local structure of iron and uranium ions in a series of iron phosphate glasses with
the general composition (40 − x)Fe2O3–xUO2–60P2O5 and (1–x–y)(40Fe2O3–60P2O5)–
xUO2–y(Na2O or CaO) was investigated using Fe K-edge and U LIII-edge x-ray
absorption fine structure spectroscopy. Replacing Fe2O3 by UO2 in the glass caused
more distortion in the coordination environment of Fe(III) ions. Extended x-ray
absorption fine structure fits revealed that the Fe–P bonds observed in the base glass
also existed in all the waste-loaded glasses. X-ray absorption near-edge structure
showed that the uranium ions were predominantly present as U(IV) in the glasses.
Uranium ions were coordinated to approximately 8 ± 1 oxygen atoms and 2.5 ± 0.6
phosphorus atoms at an average distance of 2.47 ± 0.02 and 3.8 ± 0.02 Å, respectively.
There were no Fe–U or U–Fe neighbors observed, indicating that uranium ions
occupied voids in the glass away from the PO4 units. These conclusions were
supported by Mo¨ssbauer, x-ray photoelectron, and Raman spectroscopic data.
I. INTRODUCTION
The poor chemical durability of the conventional
phosphate glasses and corrosive nature of their melts
have limited their practical usefulness.1 Unlike conven-
tional phosphate glasses, it was found that the addition of
iron oxide to lead phosphate glasses increased the chemi-
cal durability by several orders of magnitude without
raising the melting temperature or the melt viscosity.2
Because of their low melting temperature, excellent
chemical durability, and low melt viscosity at the glass
processing temperature, lead–iron phosphate glasses
were considered as potential hosts for long-term storage
of certain high-level nuclear wastes (HLW) in the 1980s,
and their properties and structure were investigated in
detail.1–5 There were limitations with lead iron phosphate
glasses such as low waste loading ability, low corrosion
resistance of their crystallized counterparts, and limited
experience in melting large-scale lead–iron phosphate
glasses compared to silicate glasses that precluded their
use in the current vitrification program of the United
States Department of Energy (DOE).6
Properties of a potential nuclear waste glass are usu-
ally compared to borosilicate nuclear waste glass as a
relative measure because borosilicate glass is approved
by the DOE as a long-term storage medium for some
HLW.7 Wastes that contain phosphorus, fluorine, and
heavy metal oxides such as UO2, Bi2O3, and Cs2O have
low solubilities in borosilicate glasses which limits waste
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loading.8 It has been observed that the addition of P2O5
may cause phase separation in borosilicate melts which
can drastically decrease the chemical durability of the
glass.1 In recent years, it has been found that iron phos-
phate glasses of approximate composition 40Fe2O3–
60P2O5 (mol%) can accommodate in excess of 50 wt%
of certain HLW constituents while maintaining excellent
chemical durability.9,10
The structure and properties of binary iron phosphates
and iron phosphate glasses containing a single-
component of common nuclear waste (Na, Cs, Bi, or U)
have been recently studied using several techniques, in-
cluding Mo¨ssbaur, x-ray photoelectron spectroscopy
(XPS), high-energy x-ray and neutron diffraction, and
x-ray absorption fine structure spectroscopy (XAFS).11–17
XAFS can probe the local environment around specific
atomic species by tuning the energy of the incident ra-
diation, and unlike conventional diffraction techniques,
XAFS does not require translational symmetry, making it
suitable for systems without long-range order, such as
glasses. The addition of iron into the phosphate network
is believed to minimize the –P–O–P– links between
(PO4)3− tetrahedra while increasing the –Fe–O–P– links
in the structure. In an earlier XAFS study,15 it was found
that –Fe–O–P– linkages, which are believed to be crucial
for the excellent chemical durability of the base glass,
were abundant in the glasses containing UO2 or Na2O as
well. A similar result was found from XPS studies of
similar iron phosphate glasses.14
Further information on the local environment of iron
and waste ions such as uranium in iron phosphate glasses
containing additional HLW constituents is needed to un-
derstand the structural and chemical properties of more
complex compositions of iron phosphate wasteforms.9,10
Furthermore, knowledge of the oxidation state of waste
ions and iron ions in the glass matrix is useful to evaluate
the stability of the wasteform. For example, the leach
rates for uranium ions of different oxidation states are
expected to be different because they have different
mobilities in the glass structure. In Ref. 15, iron
phosphate glasses with batch compositions (1−
x)(31Fe3O4–69P2O5)–xUO2 or Na2O, x 4 5, 10, and 15,
were investigated by Fe K-edge XAFS. We now extend
that study by measuring the Fe K and U LIII-edge XAFS
from iron phosphate glasses with batch compositions
(40 − x)Fe2O3–xUO2–60P2O5 and (1 − x − y)(40Fe2O3–
60P2O5)–x(UO2–y(Na2O or CaO) (x 4 5, 10, 15; y 4 5,
10 mol%). Results obtained from Mo¨ssbauer, XPS, and
Raman spectroscopic studies which give complementary
information about iron, phosphorus, and oxygen environ-
ments are also reported.
II. EXPERIMENTAL
A. Sample preparation and experimental details
The glasses listed in Table I were synthesized by melt-
ing homogeneous mixtures of reagent grade chemicals in
high purity alumina crucibles in air at 1200 °C for ap-
proximately 2 h. Each melt was poured into a 1 × 1 ×
5 cm3 steel mold, and the resulting glasses were annealed
at 475 °C for ~ 3 h. The annealed glasses were checked
for crystalline phases using powder x-ray diffraction.
Note that the compositions of glasses E–I are related to
the composition of the base glass, glass A (40Fe2O3–
60P2O5, mol%) as the Fe/P ratio in these glasses is the
same as that in the base glass, i.e., 0.66. In the case of
glasses B–D, Fe2O3 in the base glass composition has
been partially replaced by UO2. The density of each glass
was measured by Archimedes’ method using water as the
buoyancy fluid. The molar volumes were calculated from
the formula weight of the glass (taking the Fe(II) con-
centration in the glass into account) and the measured
density.
The compositions of selected glasses were confirmed
using energy dispersive analysis of x-rays (EDAX) and
inductively coupled plasma (ICP) spectroscopy.13,14 The
results are in good agreement with the initial composi-
tion. A small amount of aluminum oxide (<1.5 wt% from
the alumina crucibles) was detected in the final glass
compositions.
TABLE I. Batch composition, measured density, and calculated molar volume of annealed glasses. The compositions of selected glasses were






(±10%)P2O5 Fe2O3 UO2 Na2O CaO
A 60 40 ??? ??? ??? 0.66 3.02 44.3
B 60 (59) 35 (36.3) 5 (4.62) ??? ??? 0.58 3.12 46.1
C 60 (57) 30 (33.8) 10 (9.8) ??? ??? 0.50 3.24 47.5
D 60 25 15 ??? ??? 0.42 3.32 49.8
E 54 36 5 5 ??? 0.66 3.28 43.1
F 51 34 5 10 ??? 0.66 3.32 41.3
G 48 32 10 10 ??? 0.66 3.52 41.7
H 54 36 5 ??? 5 0.66 3.33 42.2
I 48 32 10 ??? 10 0.66 ??? ???
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The chemical durability of each glass was determined
from the weight loss of roughly cubic samples immersed
in distilled water at 90 °C for 16 days. The dissolution
rate (DR) in units of g/cm2/min was calculated from the
measured weight loss, DW, glass surface area (A), and
the immersion time (t) using DR 4 DW/[A t].9,10
Room-temperature Fe K and U LIII-edge XAFS spec-
tra were collected at the Stanford Synchrotron Radiation
Laboratory (SSRL) on beamline 4-1 using a half-tuned
Si(220) double-crystal monochromator. Powders
(~ 75 mm) from each glass were mixed with polystyrene
beads. All XAFS spectra were measured in transmission
mode. U LIII-edge spectra were collected simultaneously
in the fluorescence mode using a Ge solid-state detec-
tor.18 In general, three scans to k 4 15 Å−1 were aver-
aged for each glass to obtain a suitable signal to noise
ratio. All spectra were energy calibrated by simulta-
neously measuring the absorption spectrum for a corre-
sponding reference material, Fe foil or UO2. The first
inflection points of the iron and the uranium absorption
edges were defined as 7112 and 17166 eV, respectively.
Room-temperature Mo¨ssbauer spectra were measured
with a spectrometer utilizing a room-temperature 50 mCi
cobalt-57 source embedded in a rhodium matrix. The
spectra were calibrated at room temperature with a me-
tallic a-iron foil whose line width was 0.27 mm/s. Each
Mo¨ssbauer spectrum was fit with a minimum number of
broadened paramagnetic Lorentzian doublets to match
the absorption envelope.
The XPS spectra were measured using Mg Ka (hn 4
1254.6 eV) as the x-ray source. The binding energies of
the XPS spectra were calibrated using the core levels of
Au 4f7/2 (84 eV) and Cu 2p3/2 (932.4 eV). Glasses were
fractured in situ at a chamber pressure of <10−9 torr prior
to data acquisition. The details of the Mo¨ssbauer and
XPS data analysis are given elsewhere.11–14
Raman scattering measurements were carried out at
the Materials Science Division at Argonne National La-
boratory (ANL). The spectra were collected with 50–
100 mW of 476 nm radiation from a Kr+ ion laser. The
incident beam impinged on the samples at ~ 45° to the
surface normal. The scattered light was collected along
the surface normal with an f/1.4 lens and was analyzed
with a triple grating spectrometer (Jobin-Yvon Model T
6400, Cedex, France) equipped with a charged coupled
device.
B. XAFS theory and data analysis
There are two main energy regions of interest in a
general absorption spectrum of an element in the vicinity
of an absorption edge as shown in Fig. 1. The spectros-
copy of the near-edge region, which includes the edge
and extends ~ 50 eV above the main edge, is referred to as
the x-ray absorption near edge structure (XANES) spec-
troscopy. The spectroscopy in the region that extends
from the end of the XANES region to as high as 2 keV
above the absorption edge is referred to as the extended
x-ray absorption fine structure (EXAFS) spectroscopy.
The main absorption edge is caused by dipole transi-
tions of the core photoelectron into empty states above
the Fermi level (for example, 1s fi 4p for the Fe K-
edge). The rest of the XANES spectral region is domi-
nated by strong multiple scattering of photoelectrons
with moderate kinetic energies by the atoms surrounding
the absorber.19 However, in complexes containing tran-
sition metals with incompletely filled d-shells, there is a
pre-edge feature observed approximately 10 eV below
the main edge (Fig. 1). This resonance is weakly quadru-
pole allowed but is mainly due to a 1s fi 3d transition
that is dipole allowed by hybridization of p and d
states.19 The intensity of the pre-edge feature is enhanced
with decreasing coordination number for iron complexes
without inversion symmetry, thereby promoting mixing
of 4p and 3d orbitals.20 Hence, the pre-edge feature can
yield useful information about the coordination and the
site symmetry of the absorbing ion when compared to
model compounds.15,19–21
The intensity and energy of the pre-edge features ob-
served in the Fe K-edge spectra were determined by
least-squares fits. The main and pre-edge peaks were
simultaneously fit with cumulative Lorentzian and
pseudo-Voigt functions, respectively. The pseudo-Voigt
FIG. 1. Normalized Fe K-edge XAFS spectrum collected in the trans-
mission mode from glass C (35Fe2O3–5UO2–60P2O5, mol%). This
spectrum is typical of the iron phosphate glasses.
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function approximates the expected line shape function
which will be a convolution of Gaussians, due to the
monochromator resolution, with a Lorentzian line shape
due to the inherent lifetime broadening of the core-hole.
The Fe K-edge core width is 1.33 eV,24 and the mono-
chromator resolution is ~ 0.5 eV; thus, single transition
excitations should be predominantly Lorentzian.
The EXAFS analysis utilizes the oscillatory part of the
absorption spectrum beyond the XANES region that is a
direct consequence of the quantum mechanical behavior
of the photoelectron. These oscillations are due to the
constructive and destructive interference between the on-
going photoelectron wave and the fraction of the wave
backscattered from neighboring atoms. The amplitude of
the EXAFS function x(k) is proportional to the number
of near-neighbors, and the change of phase with the
wavelength of the photoelectron depends on the distance
between the emitter and the backscattering atom. Also,
the energy dependence of the backscattering strength de-
pends on the atoms involved in the backscattering proc-
ess.19,22,23 Thus, an analysis of the EXAFS data yields
structural details about the absorbing atom and its local
structural environment.
EXAFS data reduction was carried out by standard
methods described elsewhere using the suite of programs
EXAFSPAK developed by G.E. George of SSRL.19,22,23
The EXAFS function x(E) is calculated from the absorp-
tion data using x(E) 4 [m(E) − m0(E)]/m0(E), where the
absorption coefficient m0(E) is the so-called embedded-
atom absorption, which does not include EXAFS oscil-
lations, while m(E) includes absorption from the edge
of interest and the EXAFS oscillations. The background
is removed from x(E) by fitting the pre-edge with a poly-
nomial function such that the background subtracted
absorption above the edge follows the Victoreen for-
mula.15,22,23 x(E) is then calculated into k-space using
k 4 (2m(E − E0))1/2/É, and m0(E) is isolated by fitting
a spline function to the data above the absorption
edge. Fits to x(k) use theoretical backscattering phase
and amplitude functions for the various scattering paths,
as calculated by FEFF725 on appropriate model com-
pounds as described below. The maximum number of
fit parameters used for Fe K-edge data was 19, less than
the limit of 28 using the formula from Ref. 26. For U
LIII-edge data, the maximum number of fit parameters
used was 10.
III. RESULTS
A. General properties and chemical durability
The densities and molar volumes for the glasses in-
vestigated are given in the last two columns of Table I.
The densities range from 3.02 g/cm3 for the base glass to
3.52 g/cm3 for glass G which contains 10 mol% UO2 and
10 mol% Na2O. These density values are higher than
those of borosilicate wasteforms whose density is typi-
cally in the 2.5–2.8 g/cm3 range.
The DR, calculated from the weight loss of bulk
glasses ( ~ 1 × 1 × 0.5 cm3) immersed in distilled water at
90 °C for 16 days, is shown in Fig. 2. The dissolution
rate of window glass (soda-lime–silicate) is given for
comparison. As shown in Fig. 2, the chemical durability
of iron phosphate glasses and those containing waste
components is often better than that of borosilicate
glasses.9 In combination with high waste-loading and
smaller volume, their excellent chemical durability is one
of the main reasons why iron phosphate glasses are
among potential hosts for nuclear waste disposal.
B. XANES measurements
1. Fe K-edge
Figure 3(a) shows the Fe K pre-edge features after
main edge removal for the base glass (glass A) and
glasses in which UO2 was substituted for Fe2O3. Com-
pared to the base glass, the overall intensity of the pre-
edge decreases for the glass with 5 mol% UO2 and then
increases with increasing UO2 indicating changes in the
iron coordination environment and oxidation state.
Figure 3(b) shows the pre-edge features from the iron
phosphate glasses containing UO2 + Na2O or UO2 +
CaO. Except in the case of glass H, which has a compo-
sition of 36Fe2O3–54P2O5–5UO2–5CaO (mol%), the in-
tensity of the pre-edge feature from these iron phosphate
glasses is smaller than that from the base glass. The
pre-edge features of all glasses, except for glass D, re-
quired two pseudo-Voigt peaks to obtain the best fits as
shown in Figs. 4(a) and 4(b). Table II summarizes the
pre-edge fit parameters. As listed in Table II, the posi-
FIG. 2. The dissolution rate (DR) of several ion phosphate glasses
containing uranium measured in distilled water at 90 °C for 16 days.
The DR of window (soda-lime–silicate) glass is given for comparison.
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tions of the two pre-edge fit components do not differ
appreciably from one glass to another. The half width at
half-maximum (HWHM) of the second peak ( ~ 1 eV) is
larger than the low-energy peak ( ~ 0.7 eV) for all the
glasses. The Fe(II) concentration determined from the
room temperature Mo¨ssbauer spectrum of each glass is
also indicated on Figs. 4(a) and 4(b). The intensity of the
first component (low-energy peak) of the pre-edge fea-
ture decreases with decreasing Fe(II) concentration. Ad-
dition of UO2 increases the area of the second peak by
7% for glass D (15 mol% UO2 substituted for Fe2O3) for
example, while there is no such trend for the UO2 +
Na2O or UO2 + CaO containing glasses.
2. U LIII-edge
To determine the uranium oxidation state in these
glasses, two well-characterized reference materials were
used, UO2 for U(IV) and UO22+aq for U(VI). Figure 5
shows the UL111-edge XANES spectra for selected
single (UO2) and multicomponent (UO2 + Na2O or UO2
+ CaO) iron phosphate glasses and the uranium reference
materials. The uranium edges from all the glasses have
energies indistinguishable from that of UO2. In contrast,
the main-edge energy of the U(VI) reference is ~ 2 eV
higher than that of the glasses. This indicates that the
uranium is present as U(IV) in these glasses, as in the
starting batch, and that the oxidation states of the ura-
nium ions are unaltered by the melting process. More
evidence supporting this result is provided by the U LIII-
edge EXAFS measurements presented in Sec. C.2.
C. EXAFS measurements
1. Fe K-edge
The theoretical calculations of backscattering phases
and amplitudes were performed using the FEFF725 mul-
tiple scattering code on an Fe3(P2O7)2 model compound
for the Fe K-edge EXAFS. This model compound has
been shown to have short-range order similar to that of
the base iron phosphate glass;11,14 hence, the glass data
were fit using information derived from the crystal struc-
ture of this phase following the procedures in Ref. 15. An
overall amplitude reduction factor S02 4 0.75 was used
for the Fe K-edge fits as determined from the reference
FIG. 3. Main edge removed Fe K pre-edge features in (a) single-
component glasses containing UO2 [(40 − x)Fe2O3–xUO2–60P2O5,
mol%] and (b) multicomponent waste glasses containing UO2 with
Na2O or CaO [(1 − x − y)(40Fe2O3–60P2O5)–xUO2–y(Na2O or CaO),
mol%]. The preedge feature of the base glass is given as the solid trace
in both (a) and (b).
FIG. 4. Deconvolution of pre-edge features into pseudo-Voigt peaks
in (a) single and (b) multicomponent waste-containing glasses. Fit for
the base glass is included for comparison. The Fe(II) fraction deter-
mined from room-temperature Mo¨ssbauer spectra is also given for
each glass. Pre-edges were fit with two components (dashed lines) for
all the glasses except glass D. For complete glass compositions refer
to Table I.
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materials in Ref. 15. The XAFS data in the present study
have a minimum ideal resolution of 0.12 Å (worse for
neighboring peaks with unequal weights). Therefore, the
Fe–O and Fe–P pairs can be grouped into shells that can
be resolved.15 Three Fe–O shells designated as Fe–Os,
Fe–Om, and Fe–Ol are resolved for short, medium, and
long distances, respectively, in the present study. The
Fe–Os and Fe–Om pair distances approach the resolution
limit in some glasses (glass D in particular). These poorly
resolved fits merely indicate a transfer of weight in the
radial distribution from the middle-length bonds to the
shorter length bonds. These results might be better de-
scribed by fitting the moments of the distribution for
these special cases, but because other glasses require
multiple, discrete pairs in the fits, we have elected to
report all the data in a consistent manner. However, we
must emphasize that the actual pair-length distribution is
complex and that these fits should only be taken as a
general guide to the character of the actual distribution.
Figure 6 shows the raw k3-weighted EXAFS spectra
and the corresponding Fourier transforms (FT) for the
glasses containing only uranium. The theoretical fits to
the spectra are given as dashed lines. The fit results are
summarized in Table III. The FTs given in Fig. 6(b) are
similar to a radial distribution function but are not un-
corrected for the phase shifts of the photoelectron wave
(0.1–0.4 Å) and show only those peaks involving the
central absorber. The average Fe–O distance of 1.95 ±
0.02 Å in these three shells remains constant for the
glasses measured. There is no discernible relationship
between the average number of oxygen nearest-
neighbors and the glass composition in the fits, although
the intensity of the Fe–O peak does increase with iron
valence. This pre-edge feature has been shown to indi-
cate an increasing tetrahedral character. These changes in
coordination numbers (N) are not resolved in the fits due
to the correlations between N and the Debye–Waller fac-
tor (s). The number of oxygen near-neighbors in these
three glasses is approximately 5.6 ± 1, similar to that
observed for the base glass. There are two Fe–P coordi-
nation shells denoted as Fe–Ps and Fe–Pl with average
distances of 3.15 ± 0.02 and 3.44 ± 0.02 Å, respectively.
There is no systematic relation between the number of
FIG. 5. Normalized U LIII-edge XANES spectra for selected glasses
along with spectra from well-characterized references UO2 [U(IV)]
and UO22+aq [U(VI)]. The iron phosphate glasses containing uranium
have edge energies identical to that of the U(IV) reference (dotted line)
which is ~ 2 eV lower than that of U(VI) reference (dashed line) indi-
cating that uranium valence is tetravalent. For complete glass compo-
sitions refer to Table I.
TABLE II. Results of fitting pseudo-Voigt peaks to the Fe K pre-edge feature in iron phosphate glasses containing UO2. A is the area, Em is the
peak position, W is the HWHM which is taken to be equal for both Gaussian and Lorentzian, and m is the ratio of those parts which would be
zero for a pure Lorentzian. Error in the least significant digit is given in parentheses. The Fe(II) fractions in glasses obtained from room-
temperature Mo¨ssbauer spectra are given in the last column.
Glass
1st peak 2nd peak
Fe(II)
fractionA Em (eV) W (eV) m A Em (eV) W (eV) m
A 0.016 (1) 7111.7 (1) 0.79 (5) 0.090 (9) 0.281 (1) 7113.8 (1) 1.03 (2) 0.17 (2) 0.19
B 0.014 (1) 7111.7 (1) 0.76 (6) 0.092 (8) 0.273 (1) 7113.8 (1) 1.05 (1) 0.14 (2) 0.19
C 0.006 (1) 7111.7 (1) 0.69 (8) 0.100 (8) 0.287 (1) 7113.8 (1) 1.01 (1) 0.17 (1) 0.11
D ??? ??? ??? ??? 0.302 (1) 7113.8 (1) 0.98 (1) 0.18 (1) 0.00
E 0.009 (1) 7111.6 (1) 0.72 (7) 0.080 (7) 0.276 (1) 7113.8 (1) 1.08 (1) 0.15 (2) 0.16
F 0.008 (1) 7111.5 (1) 0.65 (8) 0.090 (8) 0.251 (1) 7113.7 (1) 1.13 (2) 0.19 (3) 0.17
G 0.004 (1) 7111.5 (1) 0.45 (8) 0.080 (6) 0.264 (1) 7113.7 (1) 1.08 (1) 0.20 (3) 0.11
H 0.016 (1) 7111.7 (1) 0.86 (7) 0.11 (8) 0.289 (1) 7113.8 (1) 1.04 (2) 0.19 (3) 0.17
I 0.010 (1) 7111.6 (1) 0.70 (6) 0.12 (9) 0.262 (1) 7113.8 (1) 1.11 (2) 0.20 (3) 0.18
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phosphorus atoms around iron ions and the glass com-
position. However, the existence of Fe–P coordination
(in the 4.8–6 range) in all the glasses indicates that the
–Fe–O–P– linkages are preserved in the glasses contain-
ing uranium.
Figure 7 shows the raw k3-weighted EXAFS and cor-
responding FTs together with the theoretical fits for the
iron phosphate glasses containing UO2 + Na2O or UO2 +
CaO (glasses E–I). The resulting structural parameters
from the EXAFS analysis are listed in Tables IV(a) and
IV(b). Once again, the total coordination of the three
Fe–O shells is 5.4 ± 1. The average distances and coor-
dination numbers of the two Fe–P shells in the glasses
containing two waste components are similar to those
from single waste component glasses.
2. U LIII-edge
The U LIII-edge EXAFS spectra have been modeled
using backscattering amplitudes and phases calculated
from the U(PO3)428 structure using the FEFF7 code. An
FIG. 6. k3-weighted Fe K-edge EXAFS (a) for single-component
uranium-containing glasses [(40 − x)Fe2O3–xUO2–60P2O5] and (b)
corresponding Fourier transforms (FT) of the EXAFS that yield a
pseudoradial distribution function (uncorrected for phase shift). The
theoretical fits are given as dashed lines. The fit range is from 2 to
14 Å−1.
FIG. 7. k3-weighted Fe K-edge EXAFS (a) for selected multicompo-
nent waste-containing glasses [(1 − x − y)(40Fe2O3–60P2O5)–xUO2–
y(Na2O or CaO)] and (b) corresponding FTs of the EXAFS data. The
theoretical fits are given as dashed lines. The fit range is from 2 to
14 Å−1.
TABLE III. Structural parameters for single-component glasses containing uranium obtained from Fe K-edge EXAFS fits. N is the number of
nearest-neighbors in a shell, R is the average interatomic distance for a given shell, and s is the EXAFS Debye–Waller factor. The errors given
in parentheses give the 95% confidence limit calculated by EXAFSPAK. The parameters related to the Fe–Fe pair were fixed throughout the fits.
An overall amplitude reduction factor S02 4 0.75(5) was used in the fits. The fit range is from 2 to 14 Å−1 for all the Fe K-edge data. Peaks marked
with an asterisk are probably too close together to be resolved. See Sec. III. C. 1 for further discussion.
Glass
B (5 mol% UO2) C (10 mol% UO2) D (15 mol% UO2)
N R (Å) s (Å) N R (Å) s (Å) N R (Å) s (Å)
Fe–Os 3.5 (9) 1.89 (1.2) 0.06 (2) 3.50 (85) 1.89 (1.2) 0.06 (2) 3.5 (4) 1.88* (1) 0.05 (2)
Fe–Om 1.4 (5) 2.06 (1.8) 0.08 (3) 1.40 (35) 2.05 (3) 0.06 (3) 1.25 (35) 2.01* (2) 0.05 (2)
Fe–Ol 0.8 (2) 2.31 (2) 0.09 (4) 0.75 (25) 2.30 (3) 0.09 (3) 0.60 (15) 2.22 (1.5) 0.09 (3)
Fe–Fe 0.2 3.20 0.07 0.2 3.2 0.07 0.2 3.20 0.07
Fe–Ps 1.8 (3.5) 3.15 (2) 0.07 (2) 1.9 (4) 3.15 (2) 0.07 (2) 3.5 (9) 3.16 (3) 0.11 (4)
Fe–Pl 3.0 (8) 3.43 (2) 0.10 (3) 3.4 (9) 3.43 (2) 0.10 (3) 2.7 (8) 3.45 (2) 0.08 (3)
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overall amplitude reduction factor of S02 4 0.8 was used
in the U LIII-edge fits. Figure 8 shows the k3-weighted
EXAFS and corresponding FTs. The theoretical fits are
shown as dashed lines. The structural parameters ob-
tained from these fits are summarized in Tables V(a)–
V(c). The oxygen coordination around uranium ions is
grouped into two shells: the first shell, denoted as U–Os,
contains approximately 5.0 ± 0.5 oxygen atoms at an
average distance of ~ 2.25 ± 0.01 Å while the second
shell, U–Ol, contains approximately 3.0 ± 0.6 oxygen
atoms located at ~ 2.86 ± 0.02 Å from uranium ions. The
average U–P coordination is 2.5 ± 0.6 with an average
distance of ~ 3.8 ± 0.02 Å. No iron neighbors around
uranium ions have been revealed from the EXAFS fits,
indicating that uranium ions are situated away from the
iron polyhedra in the glass.
D. Mo¨ssbauer, XPS, and Raman
spectroscopic measurements
The room-temperature Mo¨ssbauer hyperfine param-
eters, quadrupole splitting (D) and isomer shift (d), and
Fe(II) fractions are given in Table VI. The isomer shift
and quadrupole splitting show no detectable dependence
on the composition of the glasses indicating that the iron
environment is not strongly sensitive to the addition of
waste components.
In the calculation of the Fe(II) fractions shown in
Table VI, the recoil-free fractions of Fe(II) and Fe(III)
ions were assumed to be the same. Except for glass D,
which contains 15 mol% UO2, all the glasses contain
both Fe(II) and Fe(III) ions. In general, addition of ura-
nium leads to smaller Fe(II) fractions compared to the
base glass. The decrease in the total Fe(II) concentration
FIG. 8. k3-weighted U LIII-edge EXAFS spectra (a) for selected single
and multicomponent UO2-containing glasses (glasses C and F) and (b)
corresponding FTs of the EXAFS. The theoretical fits are given as
dashed lines. The fit range is from 2.5 to 12.5 Å−1.
TABLE IV(a). Structural parameters for multicomponent UO2 + Na2O containing iron phosphate glasses obtained from Fe K-edge EXAFS fits.
Glass
E (5UO2 + 5Na2O, mol%) F (5UO2 + 10Na2O, mol%) G (10UO2 + 10Na2O, mol%)
N R (Å) s (Å) N R (Å) s (Å) N R (Å) s (Å)
Fe–Os 2.8 (5) 1.89 (1.5) 0.06 (3) 3.14 (3) 1.91 (1) 0.050 (25) 2.8 (6) 1.89 (1) 0.05 (2)
Fe–Om 1.7 (4) 2.04 (2) 0.050 (25) 1.8 (3) 2.1 (1) 0.06 (3) 2.20 (35) 2.03 (2) 0.06 (2)
Fe–Ol 0.75 (20) 2.31 (2) 0.06 (3) 0.65 (20) 2.31 (2) 0.06 (3) 0.6 (2) 2.30 (2.5) 0.06 (3)
Fe–Fe 0.2 3.2 0.07 0.2 3.2 0.07 0.2 3.2 0.07
Fe–Ps 2.0 (6) 3.17 (2) 0.08 (3) 2.8 (9) 3.18 (2) 0.13 (4) 2.7 (9) 3.18 (2) 0.11 (4)
Fe–Pl 2.2 (7) 3.44 (2) 0.090 (35) 1.4 (4) 3.46 (2) 0.06 (3) 1.3 (4) 3.45 (2) 0.06 (3)
TABLE IV(b). Structural parameters for multicomponent UO2 + CaO containing iron phosphate glasses obtained from Fe K-edge EXAFS fits.
Glass
H (5UO2–5CaO, mol%) I (10UO2–10CaO, mol%)
N R (Å) s (Å) N R (Å) s (Å)
Fe–Os 3.8 (5) 1.91 (1) 0.07 (2) 4.1 (4) 1.93 (1) 0.07 (2)
Fe–Om 0.8 (2) 2.15 (1) 0.080 (25) 1.30 (25) 2.15 (1) 0.08 (2)
Fe–Ol 0.6 (2) 2.35 (2.5) 0.07 (4) 0.75 (20) 2.38 (2) 0.050 (15)
Fe–Fe 0.2 3.2 0.07 0.2 3.2 0.07
Fe–Ps 1.7 (.5) 3.13 (2) 0.08 (3) 1.8 (6) 3.19 (2) 0.09 (4)
Fe–Pl 3.2 (9) 3.41 (2) 0.12 (5) 1.4 (5) 3.44 (2) 0.07 (3)
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in the glass is important for glass-forming characteristics
since more than 40% Fe(II) increases the tendency of
the melt to crystallize when the batches are melted in
air.11–14
Figure 9 shows the oxygen 1s XPS spectra for the base
glass and glass E (5UO2 + 5 Na2O). The spectra were fit
with two Voigt peaks. The XPS spectra for glasses B–D
were discussed in a previous study.14 The high binding
energy peak is assigned to bridging oxygens (BO) in-
volved in –P–O–P– type bonding while the low-energy
peak is assigned to the nonbridging oxygens (NBO) in-
volved in bonds such as –P=O and –P–O–M–, where M
is the metal cation.14,29 On the basis of the area of each
peak, the fractions of bridging oxygens, [BO/(BO +
NBO)], in glasses A and E are 0.23 and 0.20 (±5%),
respectively.
Figure 10 shows the Raman spectra for selected iron
phosphate glasses. The structure mainly consists of
(P2O7)4− dimers assigned to the strong absorption bands
at ~ 1070 cm−1.30 Compared to the base glass, the
1070 cm−1 peak does not change as Fe2O3 is replaced
with UO2 in the glass composition (glasses B and C). The
peak shifts to lower frequency, 1027 cm−1, when UO2
and Na2O are added to the base glass (glasses F and G).
The low-frequency shoulder at ~ 930 cm−1 is assigned to
monomer units (isolated PO4 groups) and has almost
disappeared in the Raman spectrum of glass F.
IV. DISCUSSION
A. Iron speciation in the glasses
As shown in Figs. 3 and 4, the pre-edge absorption
features in the XAFS spectra vary with iron valence and
coordination. On the basis of the pre-edge features meas-
ured in a previous study15 for several iron reference ma-
terials (FeO, Fe2O3, Fe3O4, FePO4, and Fe2+ in 1.5 M
HClO4), each of the pre-edge component peaks from the
glasses is assigned to either Fe(II) or Fe(III) ions as de-
scribed below. The area of the first peak in the base glass
per Fe(II) ion is 0.016/0.19 4 0.084, which is close to
the area of the pre-edge peak in FeO and Fe(II) ions in
1.5 M HClO4.15 In FeO, the oxygens surrounding the
Fe(II) ions are in an undistorted octahedral arrangement.
Combination of this fact with the observed decrease in
the intensity of the low-energy pre-edge component peak
with increasing iron valence (Figs. 3 and 4 and Table II)
allows assignment of the first peak to Fe(II) ions in oc-
tahedral coordination. The main peak of the pre-edge
TABLE V(a). Structural parameters for iron phosphate glasses containing UO2 obtained from U LIII-edge EXAFS fits. The errors given in
parenthesis are 95% confidence limits given by EXAFSPAK. An amplitude reduction factor of S02 4 0.8 was used for the fits. The fit range is
from 2.5 to 12.5 Å−1 for all the U LIII-edge data.
Glass
B (5 mol% UO2) C (10 mol% UO2) D (15 mol% UO2)
N R (Å) s (Å) N R (Å) s (Å) N R (Å) s (Å)
U–Os 5.4 (6) 2.25 (1) 0.05 (2) 5.5 (4) 2.25 (1) 0.07 (2) 5.50 (45) 2.25 (1) 0.06 (1)
U–Ol 2.0 (5) 2.87 (2.5) 0.11 (5) 2.9 (7) 2.84 (2) 0.12 (5) 2.7 (6) 2.86 (2) 0.10 (6)
U–P 2.8 (7) 3.82 (1.5) 0.06 (3) 2.2 (5) 3.82 (1.5) 0.07 (2) 2.8 (7) 3.82 (2) 0.07 (3)
TABLE V(b). Structural parameters for multi-component UO2 + Na2O containing iron phosphate glasses obtained from U LIII-edge EXAFS fits.
Glass
E (5UO2–5Na2O, mol%) F (5UO2–10Na2O, mol%) G (10UO2–10Na2O, mol%)
N R (Å) s (Å) N R (Å) s (Å) N R (Å) s (Å)
U–Os 4.80 (45) 2.25 (1) 0.060 (15) 4.9 (4) 2.25 (1) 0.070 (15) 5.4 (7) 2.24 (1) 0.08 (2)
U–Ol 3.1 (6) 2.87 (2) 0.10 (4) 3.2 (7) 2.86 (2) 0.10 (7) 3.3 (9) 2.86 (2.4) 0.09 (4)
U–P 2.1 (5) 3.82 (1.5) 0.07 (3) 2.4 (7) 3.81 (2) 0.08 (3) 2.7 (8) 3.79 (2) 0.09 (3)
TABLE V(c). Structural parameters for multicomponent iron phosphate glasses containing UO2 + CaO obtained from U LIII-edge EXAFS fits.
Glass
H (5UO2–5CaO, mol%) I (10UO2–10CaO, mol%)
N R (Å) s (Å) N R (Å) s (Å)
U–Os 4.7 (3) 2.23 (1) 0.07 (2) 4 (1) 2.24 (1) 0.08 (3)
U–Ol 2.4 (7) 2.87 (3) 0.10 (5) 4.3 (9) 2.86 (2) 0.10 (7)
U–P 2.2 (6) 3.79 (2) 0.08 (2) 3.0 (8) 3.83 (2) 0.10 (5)
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(the peak at higher energy) is assigned to Fe(III) ions.
Similarities were found between the pre-edge feature and
EXAFS of FePO4 [which has tetrahedrally coordinated
Fe(III)] and that of the base glass, indicating the tetrahe-
dral character of some of the Fe(III) ions in the glasses.15
EXAFS results summarized in Tables III and IV give a
total Fe–O coordination of 5.5 ± 1 for the glasses studied.
From the combination of this with the Mo¨ssbauer results,
which show that the majority ( ~ 80%) of the iron ions in
these glasses are Fe(III), it is deduced that the 25–50% of
the Fe(III) ions in these glasses have tetrahedral coordi-
nation which is consistent with the previous results.15
The increased intensity of the pre-edge feature in the
single-component glasses containing uranium (glasses C
and D) is partially due to the increase in the iron oxida-
tion state with the addition of uranium; however, the
changes are not linear. As mentioned in Sec. II. B, the
intensity of the pre-edge peak was found to increase with
decreasing coordination number,20 suggesting an overall
increase in the tetrahedral character of the Fe–O coordi-
nation. This supports the argument that the Fe(III) ions
have some tetrahedrally coordinated oxygen neighbors.
Fe K-edge EXAFS results suggest that the number of
iron ions in the coordination environment of a given iron
atom is negligible (Fe–Fe coordination of 0.2 for dFe–Fe
< 3.2 Å). However, the number of phosphorus ions in the
iron coordination environment (dFe–P < 3.45 Å) ranges
from ~ 5 in the base glass to ~ 4 in the glasses containing
the largest amount of waste components. No definite
conclusions can be drawn from these numbers for the
Fe–P coordination due to the correlation of the fit pa-
rameters N and s. The results simply imply that the –Fe–
O–P– type links are always present, and this leads to a
superb chemical durability of these glasses.
Mo¨ssbauer, XPS, and Raman spectroscopic data sup-
port the XAFS results discussed throughout. The Mo¨ss-
bauer hyperfine parameters, D and d given in Table VI,
which are sensitive to the environment of the absorbing
atom, are, on average, characteristic of iron ions with an
octahedral oxygen coordination. When the Mo¨ssbauer
spectra were fit, no assignment of individual doublets to
specific sites were made; thus, the tetrahedral coordina-
tion cannot be totally ruled out. The hyperfine parameters
do not change appreciably with the addition of waste
components suggesting that the first shell coordination
environments around the iron ions in the glasses are simi-
lar. This observation agrees well with the Fe K-edge
XANES and EXAFS results described previously. The
FIG. 9. O 1s XPS spectra for the base glass (40Fe2O3–60P2O5, mol%)
and glass E (5UO2–5Na2O–36Fe2O3–54P2O5, mol%). The spectra
were fit with two Voigt functions: the low-energy peak (dotted lines)
is assigned to the nonbridging oxygens (NBO), and the high-energy
peak (dashed lines) is assigned to the bridging oxygens (BO).
FIG. 10. Raman spectra of the base glass and some selected waste-
containing glasses. For complete glass compositions refer to Table I.
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small number of bridging oxygens taking part in –P–O–
P– bonds determined by XPS also supports a structure
model in which the majority of the oxygens take part in
–Fe–O–P– and –Fe–O–M– (M 4 cation) linkages. Al-
though there are some minor changes in the Raman spec-
trum of glass H compared to the base glass, the overall
phosphorus–oxygen network is dominated by (P2O7)4−
dimer units. This agrees with the EXAFS and XPS re-
sults. This is an indication that a similar FeOn–P2O7–
FeOn–P2O7 type network (n 4 4–6) characteristic of
crystalline Fe3(P2O7)2 also forms in these iron phosphate
glasses.
B. Uranium speciation in the glasses
The uranium oxidation state in these iron phosphate
glasses is an important consideration for the chemical
durability. Tetravalent uranium ions are relatively immo-
bile in a glass matrix compared to hexavalent uranium
ions, UO22+, which can readily migrate and dissolve in
ground waters.31 The U LIII-edge XANES (Fig. 5) shows
that uranium ions in the glasses are nearly all tetravalent.
The EXAFS fit results given in Tables V(a)–V(c) are
consistent with the XANES for U(IV) species. The short-
est average U–O distance of ~ 2.23 Å for the glasses, plus
the edge position and the absence of the characteristic
uranyl U=O distance of ~ 1.8 Å, indicates the absence of
U(VI) in these glasses. A similar U–O distance (1.85 Å)
for U(VI) ions was found from an EXAFS study of sili-
cate glasses containing UO3.32 Furthermore, the multiple
scattering feature observed in the XANES spectra of
U(VI) oxides associated with the relatively short U–O
bond interaction of uranyl group is not observed in the
XANES spectra.33,34
The effect of Fe(III) ions on the uranium oxidation
state in borosilicate glasses has been studied in detail
with different U/Fe concentrations. It was found that the
presence of Fe(III) ions did not have an appreciable ef-
fect on the uranium oxidation states.35 In particular, tet-
ravalent uranium was found to be stable in the presence
of Fe(III) ions.35 If there were a reaction between iron
and uranium ions in the iron phosphate melts, it would be















Both of these reactions would increase the Fe(II) fraction
in the glass. Though it is difficult to distinguish U(V)
ions from U(VI) ions in the glass from XANES, both
XANES and the Mo¨ssbauer data (Table VI) shows that
the Fe(II)/[Fe(II) + Fe(III)] fraction decreases as UO2 is
added to the glass. This, together with U LIII-edge XAFS
results, confirms that neither reaction (1a) nor (1b) takes
place in the melt.
The U LIII-edge EXAFS fit results in Table V show
that the uranium environment in different iron phosphate
glasses is similar. The total oxygen coordination in two
U–O shells is close to 8, 5.0 ± 0.5 at 2.25 ± 0.01 Å and
3.0 ± 0.6 at 2.86 ± 0.02 Å. Furthermore, there is no
discernible change across the series of glass composi-
tions. There is no iron near-neighbor observed around
uranium ions. The existence of phosphorus neighbors
around uranium ions at a distance of ~ 3.80 ± 0.02 Å
indicates that uranium ions are situated away from the
–Fe–O–P– network, thus explaining the observed insen-
sitivity of the iron environment to the addition of ura-
nium in these glasses.
The apparent insensitivity of the –Fe–O–P– network to
the addition of waste ions may be the reason for the
independence of certain chemical properties on the type
or the concentration of the waste elements in the glass.
For example, the chemical durability of these loaded
glasses, which does not depend appreciably on the waste
element concentration as shown in Fig. 2, is similar to
TABLE VI. Room-temperature Mo¨ssbauer hyperfine parameters, quadrupole splitting (D) and isomer shift (d), and Fe(II) fraction for iron ions




d (mm/s) D (mm/s) d (mm/s) D (mm/s)
Fe(II)
frac. (±5%)
A 1.22 2.14 0.38 0.94 0.19
B 1.26 2.08 0.38 0.91 0.19
C 1.2 2.11 0.38 0.88 0.11
D ??? ??? 0.37 0.89 0.00
E 1.26 2.08 0.38 0.90 0.16
F 1.25 2.12 0.39 0.90 0.17
G 1.23 2.11 0.38 0.93 0.11
H 1.17 2.25 0.39 0.93 0.17
I 1.16 2.26 0.39 0.99 0.18
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that of the base glass. Consequently, the structural prop-
erties of the base glass which are responsible for the
excellent chemical durability must be similar in all the
iron phosphate glasses investigated in this study. The
present study also supports the previously proposed
structural model17 where the additional waste ions such
as U(IV), a(I), and Ca(II) occupy voids present in the
base glass structure. Thus, the basic properties of the
parent glass are also maintained in the glasses containing
waste components as well.
V. CONCLUSION
The structural properties of a series of iron phosphate
glasses containing single (UO2) and multicomponent
common waste oxides (UO2 + Na2O or UO2 + CaO)
were investigated primarily by XANES and EXAFS.
Both Fe K pre-edge and EXAFS results show that the
Fe(III) ions have mixed tetrahedral–octahedral coor-
dination whereas Fe(II) ions have octahedral oxygen co-
ordination. Significant phosphorus coordination around
the iron ions was found in all glasses. This is indicative
of –Fe–O–P– linkages which are believed to play a
crucial role in the chemical durability of these glasses.
The uranium ions in the glasses are present as U(IV) and
have approximately 8 oxygen and 2.5 phosphorus neigh-
bors at an average distance of 2.47 ± 0.02 and 3.80 ±
0.02 Å, respectively. There is no Fe–U or U–Fe peak
observed, indicating that uranium ions are situated in
voids existing in the base glass structure. The waste-
loaded glasses have excellent chemical durability with
a dissolution rate of ~ 10−9 g/(cm2/min), comparable to
that of the base glass. Complementary data from Mo¨ss-
bauer, XPS, and Raman spectroscopic measurements are
consistent with the XANES and EXAFS results. In
general, the basic structure and many properties of the
base glass are maintained in the multicomponent waste-
containing glasses.
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